We report on a search for flavor-changing neutral-currents (FCNC) in the production of heavy quarks in deep inelastic ν µ N andν µ N scattering by the NuTeV experiment at the Fermilab Tevatron. This measurement, made possible by the high-purity NuTeV sign-selected beams, probes for FCNC in heavy flavors at the quark level and is uniquely sensitive to neutrino couplings of potential FCNC mediators. All searches are consistent with zero, and limits on the effective mixing strengths |V uc | 2 , |V db | 2 , and |V sb | 2 are obtained.
In addition, experimentally attractive final states such as D 0 → e + e − and B 0 → µ + µ − are helicity-suppressed, which obscures dynamical roles played by particular FCNC models.
This article presents an alternative search for FCNC processes in the DIS data of the NuTeV experiment; where either neutrinos or anti-neutrinos interact with a massive iron target. Flavor changing effects can be sought in the reactions
and their charge-conjugates. The experimental signature in the detector is a muon of opposite lepton number from the beam neutrino. It is possible to isolate this final state because
NuTeV ran with a high purity sign-selected beam in which theν µ /ν µ event ratio in neutrino mode and the ν µ /ν µ ratio in anti-neutrino mode were 0.8 × 10 −3 and 4.8 × 10 −3 , respectively.
Because of the semi-inclusive character of the measurement, FCNC effects in neutrino scat-tering can be probed at the quark, rather than the hadron level. Furthermore, neutrino scattering is particularly sensitive to any FCNC process mediated by an intermediate neutral object that couples more strongly to neutrinos than to charged leptons (e.g., a Z 0 -like coupling).
II. EXPERIMENTAL APPARATUS AND BEAM
The NuTeV (Fermilab-E815) neutrino experiment collected data during the 1996-97 fixed target run with the refurbished Lab E neutrino detector and a newly installed Sign-Selected
Quadrupole Train (SSQT) neutrino beamline. The sign-selection optics of the SSQT pick the charge of secondary pions and kaons which determines whether ν µ orν µ are predominantly produced. During NuTeV's run the primary production target received 1.13 × 10 18 and 1.41 × 10 18 protons-on-target in neutrino and anti-neutrino modes, respectively. The SSQT and its performance are described in detail elsewhere [?] .
The Lab E detector [?], consists of two major parts; a target calorimeter and an iron toroid spectrometer. The target calorimeter contains 690 tons of steel sampled at 10 cm intervals by 84 3m×3m scintillator counters and at 20 cm intervals by 42 3m×3m drift chambers.
The toroid spectrometer consists of four stations of drift chambers separated by iron toroid magnets. Precision hadron and muon calibration beams monitored the calorimeter and spectrometer performance throughout the course of data taking. The calorimeter achieves a sampling-dominated hadronic energy resolution of σ E HAD /E HAD = 2.4% ⊕ 87%/ √ E HAD and an absolute scale uncertainty of δE HAD /E HAD = 0.5%. The spectrometer's multiple Coulomb scattering dominated muon energy resolution is σ Eµ /E µ = 11% and the muon momentum scale is known to δE µ /E µ = 1.0%. With the selection criteria used in this analysis, the muon charge mis-identification probability in the spectrometer is 2 × 10 −5 . This latter rate is confirmed by measurement the muon calibration beam.
III. ANALYSIS PROCEDURE A. Introduction and Data Selection
The analysis technique consists of comparing the distributions of y V IS = E HAD / (E HAD + E µ ) measured in the ν µ andν µ wrong sign muon (WSM) data samples the purposes of the final FCNC fit, the reconstructed y V IS is required to be larger than 0.5.
With these cuts there are 207 ν-mode and 127ν-mode WSM events remaining in NuTeV's nearly 2 million single muon sample.
B. Source and Background Simulations
Conventional WSM sources arise from beam impurities, right-flavor charged current (CC) events where the charge of the muon is mis-reconstructed, CC and NC events where a π or K decays in the hadron shower, charged current (CC) charm production where the primary muon is not reconstructed or the charm quark is produced via a ν e interaction, and neutral current (NC) cc pair production. Single charm CC production and NC cc pair production background sources produce broad peaks at high y V IS and must be handled with care. that decay before the sign-selecting dipoles in the SSQT, neutral kaon decays, muon decays, decay of hadrons produced by secondary interactions in the SSQT ("scraping"), and from decay of wrong-sign pions produced in kaon decays. 
Charm production is parametrized using available data from 800 GeV proton beams [?,?] . GEANT properly handles cascade decays such as
The NuTeV detector is likewise modeled with a GEANT-based hit-level MC simulation. Wrong-sign muons generated from the flux simulation are propagated through the detector MC and then reconstructed using the same package that is used for data reconstruction. A fast parametric MC is also used to compare the high statistics right-sign flux simulation to data in ν µ andν µ . These comparisons showed that the SSQT dipoles required a downward shift of -2.5% from their nominal values. The right-sign comparisons after these shifts, are shown in Fig. ? ? and indicate agreement between predicted flux and data at roughly the 2% level.
The high density target-calorimeter suppresses WSM contributions from π/K decay in the hadron shower; their contribution is estimated from a previous measurement of µ-production in hadron showers using the same detector [?] . The small charge misidentification contribution is estimated by passing a large sample of simulated events through the full detector MC and event reconstruction.
After impurities, the next largest WSM source comes from CC production of charm in which the charm quark decays semi-muonically (dimuon) and its decay muon is picked up in the spectrometer while the primary lepton is either an electron or a muon which exits from or ranges out in the calorimeter. The ν e beam fraction is 1.9(1.3)% in ν (ν)-mode, and 22% of the CC charm events which pass WSM cuts originate from a ν e . The CC charm background is simulated using a leading-order QCD charm production model with production, fragmentation, and charm decay parameters tuned on neutrino dimuon data collected This choice tends to reduce the NC charm contribution to the WSM sample and results in more conservative limits on FCNC production. The NC charm quarks are fragmented and decayed using procedures adapted from the CC charm simulation, and the resulting WSM events are then simulated with the full MC.
IV. RESULTS AND INTERPRETATION

A. FCNC Production
The neutrino FCNC u → c cross section can be parameterized to LO in QCD as
Here V cd is the c → d CKM matrix element, V uc 1 represents a possible u → c coupling, experience the same charm mass suppression as the analogous CC charm production. Fragmentation of subsequent semi-muonic decays of charmed mesons should also be identical for 1 We use the notation V uc , V bd , and V sd in simple analogy to the CKM matrix in order to compare our results to those from FCNC decay searches.. We do not assume any constraints exist for this FCNC CKM-like matrix. In our notation, the FCNC left and right-handed couplings for charm are g 2 L = |V uc | 2 cos 2 β and g 2 R = |V uc | 2 sin 2 β.
FCNC and CC-charm production. One therefore expects the extracted V uc to have little model dependence.
For FCNC bottom production there is as yet no measured CC analog final state. Therefore, the explicit LO QCD cross section,
where M is the nucleon mass and E is the neutrino energy, must be convolved with b- 
The struck quark momentum fraction ξ ′ becomes ξ In all cases, the signal for FCNC is within ± 2.0 σ of zero, and limits are set accordingly.
Since Gaussian statistics apply, the 90% confidence level upper limit is set by adding 1.64σ
to the best-fit value if the best-fit value is positive, or 1.64σ to zero if the best fit is negative.
Here, σ consists of the statistical error from the fit added in quadrature to the estimated systematic error described in the next section. Table ? ? summarizes the fit results.
C. Systematic Errors
The dominant systematic errors result from modeling the rejection of CC charm events, and the overall normalization of CC charm events. Estimates of systematic uncertainties are obtained by varying the event selection procedure as well as parameters characterizing the detector response and physics models. Errors are assumed to be independent.
Charged current charm events are removed by requiring that exactly one track be found and reconstructed by the NuTeV tracking software. Another independent way to remove dimuons is to use calorimeter information. The stop parameter is the first of three consecutive counters downstream of the interaction, each with less than 1.5 MIPs. The stop cut requires that the distance between the interaction and the stop counter be less than 15 counters. Replacing the tracking cut with the stop cut gives the systematic errors listed in Table ? ?.
The next largest systematic error is due to the normalization of CC charm events. Normalization of these events is obtained from the right-sign muon CC sample. One can also normalize CC charm events with only one reconstructed track, to those with both tracks found. These normalizations disagree by 3% resulting in the systematic errors listed in Table ??. Systematic errors due to the beam normalization, detector calibration, and other sources are small.
D. Comparison to Limits from Decays
For comparison purposes, the following expressions are used to relate FCNC heavy flavor meson decay branching fractions (BF ) to the parameter V uc :
For estimates of V db and V sb from B decays, it is assumed that
Measured values [?] are used for the branching fractions on the right hand side except for the leptonic decay B + → µ + ν µ , for which it is assumed that
with f B = 200 MeV, the B decay constant. 
